We report the detection of HCO + (5-4) emission from the Broad Absorption Line (BAL) quasar APM 08279+5255 at z=3.911 based on observations conducted at the IRAM Plateau de Bure interferometer. This represents the first detection of this molecular ion at such a high redshift. The inferred line luminosity, uncorrected for lensing, is L + (5-4) intensity ratio measured in APM 08279+5255 is significantly larger than that predicted by simple radiative transfer models, which assume collisional excitation and equal molecular abundances. This could imply that the [HCN]/[HCO + ] abundance ratio is particularly large in this source, or that the J=5 rotational levels are predominantly excited by IR fluorescent radiation.
′ HCO + =(3.5±0.6)×10 10 K km s −1 pc 2 . The HCO + J=5-4 source position coincides within the errors with that reported from previous HCN J=5-4 and high-J CO line observations of this quasar. The HCO + line profile central velocity and width are consistent with those derived from HCN. This result suggests that HCO + (5-4) emission comes roughly from the same circumnuclear region probed by HCN. However, the HCN (5-4)/HCO + (5-4) intensity ratio measured in APM 08279+5255 is significantly larger than that predicted by simple radiative transfer models, which assume collisional excitation and equal molecular abundances. This could imply that the [HCN]/[HCO + ] abundance ratio is particularly large in this source, or that the J=5 rotational levels are predominantly excited by IR fluorescent radiation.
Introduction
The quasar APM 08279+5255 at redshift z=3.91 is one of the most luminous sources in the universe even after correcting for the high lensing factor (∼7) of its huge measured infrared luminosity (L IR ∼10
15 L ⊙ ). Emission of high-J CO lines (J=9-8 and 4-3), mapped by Downes et al. (1999) with the IRAM Plateau de Bure Interferometer (PdBI), suggests the presence of a circumnuclear disk of hot and dense molecular gas. The VLA detected also the emission of the CO (1-0) and CO (2-1) lines in this source (Papadopoulos et al. 2001; Lewis et al. 2002) . The question of how much dense molecular gas lies inside APM 08279+5255 was revisited by Wagg et al. (2005) who reported the detection of HCN (5-4) emission in this quasar using the IRAM PdBI. The exceptionally strong intensity of HCN (5-4) with respect to all CO lines measured in APM 08279+5255 leaves room for different interpretations however. First, if the excitation of all lines is mainly collisional, the high HCN/CO luminosity ratios could stem from a large enhancement of the abundance of HCN relative to CO or to a comparatively higher gas density for the gas emitting in HCN lines. Alternatively, this could reflect non-collisional excitation of high-J HCN lines through infrared pumping around the active galactic nucleus (AGN).
Opposing theoretical scenarios can explain why the HCN/CO abundance ratio may be anomalous in APM 08279+5255. HCN abundances could be enhanced relative to other molecular species under the influence of intense X-ray emission from the AGN (Lepp & Dalgarno 1996; Maloney et al. 1996) . On the other hand, selective oxygen depletion could decrease the abundance of oxygen-bearing molecular species (e.g., CO) around AGNs (Sternberg et al. 1994) . The use of different tracers that aim at quantitatively probing the dense molecular gas in luminous and ultraluminous infrared galaxies (LIRGs:L IR >10 11 L ⊙ and ULIRGs:L IR >10 12 L ⊙ ) is mandatory to elucidate between the conflicting scenarios. To date, HCN has been widely used to trace dense gas in galactic cores, nearby galaxies and even ULIRGs. Of particular note, the luminosity of the HCN (1-0) line shows a remarkable correlation with L IR (e.g., Solomon et al. 1992; Gao & Solomon 2004a,b; Wu et al. 2005 ).
However, recent results of a combined HCN and HCO + survey of a sample of LIRGs and ULIRGs which show a larger HCN/HCO + intensity ratio towards ULIRGs with powerful AGNs, has been used to question the validity of HCN as a quantitative tracer of dense molecular gas in extreme ULIRGs (Graciá-Carpio et al. 2006) . The results of this HCO + survey of LIRGs and ULIRGs highlight the need of exploring the dense molecular gas fraction in extreme ULIRGs like APM 08279+5255 with complementary HCO + line observations. A comparison of HCO + and HCN line intensities in high-z ULIRGs may allow the effects of excitation to be disentangled from those of chemistry and help the derivation of the physical conditions in these extraordinary objects.
Here we present the detection of HCO + (J=5-4) line emission in APM 08279+5255 at z=3.911 made with the IRAM PdBI. This represents the first detection of this molecular ion at such a high redshift. We discuss in the context outlined above the implications of this result for the interpretation of molecular line observations of gas-rich high-redshift galaxies.
Observations
We observed APM 08279+5255 with the IRAM 6-element array in B configuration on March 13, 2006. The spectral correlator was adjusted to z = 3.911 and centered on redshifted HCO + (5-4) (rest frequency at 445.903 GHz) to cover an effective bandwidth of 580 MHz (equivalent to ∼1800km s −1 ). The size of the synthesized beam was 1.46 ′′ ×1.20
at the observing frequency (90.797GHz). APM 08279+5255 was observed for a total integration time of 9.5 hrs on-source. During the observations the atmospheric phase stability on the most extended baselines was always better than 20
• , typical for excellent winter conditions. The absolute flux density scale was calibrated using 3C 84 and 0836+710, and should be accurate to better than 10%. We have used the GILDAS package for the data reduction and analysis. The average 1σ-noise in channels of 20 MHz-width is estimated to be 0.5 mJy beam −1 . The phase tracking center of these observations is
• 45 ′ 17.7 ′′ ) coincident with that used by Wagg et al. (2005) in their HCN observations. To calculate luminosities, we assume a Λ-cosmology described by H o =70 km s −1 , Ω Λ =0.7 and Ω m =0.3 (Spergel et al. 2003) . Throughout the paper, the velocity scale is referred to the CO redshift z=3.911.
Results
We have detected the HCO + (5-4) line and the dust continuum emission (at 670µm) both emitted in the submillimeter range and redshifted to 3.3mm in APM 08279+5255. The overall results are summarized in Table 1 . Figure 1 shows the spectrum of the HCO + (5-4) line (continuum not subtracted) towards the peak of integrated intensity at (α, δ)=(08 h 31 m 41.73 s , 52
• 45 ′ 17.4 ′′ ) (see Figure 2 ). Within the errors the peak position is in agreement with that determined from previous mm-continuum maps (Downes et al. 1999; Wagg et al. 2005) . The velocity coverage encompasses the full extent of the HCO + line emission. Data from the linefree sidebands with velocities below −400 km s −1 and above 550 km s −1 (intervals I and III, defined in Figure. 1), were combined with natural weighting to estimate the continuum emission at 90.8 GHz to be ∼ 1.2 ± 0.13 mJy, in good agreement with the value of 1.2±0.3 mJy at 93.9 GHz of Downes et al. (1999) . 
Dense Gas in APM 08279+5255: excitation and inferred chemical abundances
Taken at face value, the mere detection of CO (4-3), CO (9-8), and mostly of HCN (5-4) and HCO + (5-4) line emission hints that there is a significant reservoir of hot and very dense molecular gas in APM 08279+5255. Partly implicit in this scenario, however, is the assumption that the excitation of the HCN and HCO + lines is mainly collisional. The inferred chemical abundances depend on this critical assumption, as discussed below (Section 4.1). We study the influence that non-collisional excitation of the J=5-4 lines of HCN and HCO + may have on the derived chemical abundances for these molecular species in Section 4.2. Wagg et al. (2005) performed escape-probability radiative transfer calculations to reexamine the fit of Downes et al. (1999) to the CO 9-8/4-3 ratio measured in APM 08279+5255 including also higher-J CO transitions observed by Weiss et al. (2006, in preparation) . Their conclusion is that a single component model with a gas temperature T kin ∼80 K, a molecular hydrogen density n(H 2 )∼4×10 4 cm −3 and a CO column density N(CO)/∆v=4×10 17 cm −2 fits all the CO ratios. + and HCN of the same physical parameters derived from CO lines). The bottom line result issued from these calculations is that the HCN (5-4)/HCO + (5-4) luminosity ratio measured in APM 08279+5255 (∼1.1) is ∼3 times larger than expected if the molecular abundances of the two species are assumed to be comparable. The critical densities of the HCO + v=0 ground transitions are a factor of 10 lower than those of HCN. At equal abundances and in the regime of subthermal excitation, HCO + v=0 J>1 rotational levels are expected to be more populated than those of HCN. Therefore, if we aim at matching the line ratio reported above, we need HCN to be significantly overabundant with respect to HCO + , by a factor of [HCN]/[HCO + ]∼10.
Collisional excitation
We can explore the robustness of this conclusion by reconsidering some of the underlying assumptions inherent in these calculations. First, we have implicitly assumed that both the filling factor and the magnification factor of the HCO + , HCN, and high-J CO lines are similar. The similar line profiles and source parameters (size and position) derived from HCO + and HCN are compatible with this picture. It is conceivable, however, that the emission of HCO + and HCN may come from gas with higher densities than derived from the singlecomponent CO model. In particular we have explored a range of solutions matching the CO (9-8)/CO (4-3) ratio of APM 08279+5255 with higher densities and similar or slightly lower temperatures for the gas. An optimum fit can be found for n(H 2 )∼4×10 5 cm −3 and T kin ∼50-60 K. If this solution is applied to HCN and HCO + , in order to match the HCN (5-4)/HCO + (5-4) luminosity ratio of APM 08279+5255, we need [HCN]/[HCO + ] ∼10. In summary, the overabundance of HCN with respect to HCO + is also required in the higher density scenario.
Non-collisional excitation: infrared pumping?
The excitation of HCN and HCO + lines in a source with an infrared luminosity as high as that of APM 08279+5255 may not be only collisional, but also radiative. Like CO, the HCO + and HCN millimeter line emissions are believed to arise in a thick circumnuclear disk of radius 100-200 pc where a sizable fraction of the dust is heated to ≃ 200 K by the AGN (Lewis et al. 1998; Beelen et al. 2006) . The mid-IR emission from this disk (≃ 1 Jy at 12 µm) is by far the brightest known in any known quasar to date. The mid-IR radiation can excite the first ν 2 = 1 bending modes of both HCN (λ = 14µm) and HCO + (λ = 12µm) and, by fluorescence, can populate the J > 3 levels of the ground state. We note that, prior to any IR pumping or collisional excitation, the cosmic background temperature at the redshift of APM 08279+5255 (13.4 K) is high enough to populate the J=3 ground state level: the fractional population of this level would be as large as 0.17 for a rotational temperature ∼13.4 K. The radiative selection rules are such that IR radiation will pump up molecules from this level to the ν 2 = 1, J = 4 level, which will decay to the ν 2 = 0, J = 5 level. The frequencies and Einstein coefficients of the ro-vibrational transitions of HCN and HCO + are similar (≃ 1s −1 ), so that both molecules behave similarly as concerns radiative excitation. Whether the J= 5 HCN and HCO + levels are sufficiently populated at fluorescence equilibrium to explain the observed lines depends then on the source geometry and on the molecular abundances. Downes et al. (1999) argue that the mid-IR source must be smaller than the molecular source, because dust opacity prevents the AGN radiation to penetrate far inside the molecular torus. However, Nenkova et al. (2002) argue that the disks are likely to be clumpy and that the clumps throughout the disk are efficiently heated by the AGN. Such heating would explain the observed 200 K dust component. In addition, direct heating can occur within the torus, if the latter hosts a strong starburst.
Assuming that the hot dust and the molecules are well mixed inside the disk and that the dust is optically thick at ∼10µm, fluorescent excitation could be quite effective. For a mid-IR source temperature of T d =200 K, the fraction of the sky subtended by this source at the molecules needs only to be
for radiative pumping to be effective (Carroll & Goldsmith 1981) . It is interesting to note in this respect that the number of 12µm (and 14µm) photons escaping from the disk exceeds by a factor of 5 the number of HCO + (HCN) photons observed in the J= 5-4 (670 µm) line. The opacity of the J≥ 3, ν 2 = 0 → 1 ro-vibrational lines needs only to be ∼ 1 to explain the observed HCO + and HCN J= 5-4 line emissions, which for equal molecular abundances will have similar intensities. Such an opacity will be reached for column densities of HCO + and HCN of N(X)/∆v ≃10 13 cm −2 , or 10 −4 times the CO column density derived by Wagg et al. (2005) . In summary, inside the infrared pumping scheme, we do not need the abundance of HCN to be anomalously high with respect to CO and HCO + .
Discussion and Conclusions
The two scenarios invoked above, both accounting for the unexpectedly large HCN(5-4)/HCO + (5-4) ratio measured in APM 08279+5255, have completely different but equally relevant implications for the interpretation of high-J molecular line observations of dense gas in other high-redshift galaxies.
Inside the collisional excitation model it is implied that the abundance of HCN in APM 08279+5255 is anomalously high with respect to CO and HCO + . Different mechanisms can increase the abundance of HCN with respect to CO and HCO + (e.g., see discussion of Graciá-Carpio et al. 2006 ). This includes high-ionization chemistry driven by X-rays around an AGN, chemical enhancement of HCN in star-forming regions and, if molecules coexist with the hot dust, enhanced destruction of HCO + by reaction with water wapor evaporated from the dust. The ingredients (an AGN, a massive star forming episode and hot dust) are all present in APM 08279+5255, even though X-ray ionization seems unlikely to raise [HCN]/[HCO + ] well above 1 (Lepp & Dalgarno 1996) . We can also tentatively discard selective depletion of oxygen bearing species as an explanation for the inferred [HCN]/[HCO + ] abundance ratio in APM 08279+5255. Usero et al. (2004) Of particular note, the advantage of the radiative excitation scheme over the collisional excitation model is double. First, radiative excitation does not require very high gas densities to explain the HCN/HCO + line ratios observed in APM 08279+5255, even through the CO line ratios seem to imply medium-high densities. Furthermore, infrared pumping can also account for the near equality of the HCN and HCO + J=5-4 line intensities while keeping an abundance ratio [HCN]/[HCO + ] within the range 0.5-2, typical of that observed in dense molecular clouds in the Galaxy and in nearby galaxies (e.g., see Table 8 of Wang et al. 2004 ).
The availability of only one observed transition of HCN and HCO + prevents us from making a more educated choice of the right scenario for APM 08279+5255. Future observations that include lower and higher-J transitions of both HCO + and HCN will be required to confront a set of observed line ratios with the predictions issued from chemical and excitation models.
SGB thanks the support from the Spanish MEC and Feder funds under grant ESP2003-04957 and SEPCT/MEC under grant AYA2003-07584. We thank W. Klemperer, E. Herbst, A. Fuente and M. Elitzur for comments on our work. • 45 ′ 17.4 ′′ ). Velocities (v-v 0 ) have been re-scaled with respect to the CO redshift of z=3.911 (Downes et al. 1999 ). The dashed line shows the Gaussian fit to the HCO + (5-4) emission and the highlighted channels in intervals I and III identify the range for line-free continuum emission. −1 (equivalent to -3σ, 3σ, 4σ, 5σ, and 6σ for channel II). To derive the continuum map we used channels I and III (see Figure 1) 
